Nucleation of regular nanoparticle chains, Fe nanostripes, and nanoisland array was demonstrated on Au͑111͒ stepped surface, by different growth methods. With Xe buffer layer assisted growth, nanoparticles segregated right at the descending step edges, forming nanoparticle chains. Two-step growth ͑200 K deposition+ 300 K annealing͒ of Fe on properly chosen step ͑width = 4.3Ϯ 0.2 nm͒ resulted in single atomic height nanostripes at the descending edges. Through the multistep growth, 3 ϫ ͑0.15 ML Fe/ 8 L Xe at 90 K + 350 K annealing͒ on 0.05 ML seeds, a regular bilayer-island array was prepared. The detailed nucleation mechanism is discussed. Our experimental observation manifests the possibilities for the preparation of various one-dimensional nanostructures on Au͑111͒ stepped surface. It is especially important for future studies and applications in nanoscale magnetism and catalysis.
I. INTRODUCTION
Due to the symmetry breaking, characteristic physical properties are expected in low-dimensional systems. [1] [2] [3] [4] [5] [6] [7] In particular, one-dimensional ͑1D͒ magnetic materials attract much theoretical and experimental efforts, in the crucial fabrication methods and in the complex of magnetic behavior. 2, 3 In 1D magnetic systems, because of the high ratios of surface/volume atom and length/width, surface and shape anisotropy are significant and usually in competition with each other. [4] [5] [6] [7] Thus, one can expect to change the magnetic behavior of 1D nanostructures through the modulation of spacial arrangement, shape, or density. However, in reality the manipulation is still challenging. So far, stepped surfaces are frequently used for self-organized 1D systems in ultrahigh vacuum condition. About 50 years ago, the ascending edges of the stepped surface have been proposed to be 1D trapping lines for deposit atoms. 8, 9 The idea has been proved and applied in many different combinations of deposit and substrate, for example, Fe,Cu/W͑110͒. 5, 10 In the report of Gambardella et al., 11, 12 the Co monatomic chains were successfully prepared on Pt͑997͒ stepped surface, triggering the sequential studies of 1D magnetic material on similar stepped surfaces. In our study, the following nucleation mechanisms were demonstrated to generate various Fe nanostructures on Au͑111͒ stepped surface.
The first idea is "buffer layer assisted growth ͑BLAG͒ on stepped surface." BLAG has been extensively used for fabrication of three-dimensional ͑3D͒ nanoparticle assemblies with controlled sizes for a wide variety of materials and substrate. [13] [14] [15] Kerner and Asscher 16 reported the buffer layer assisted laser patterning of Au nanoparticle stripes on Ru͑001͒. Antonov et al. 17 reported on the preparation of CdSe quantum dots and rods by BLAG, with characteristic photoluminescence.
Concerning the magnetic properties, due to the limitation of self-organization, 1D atomic chains or nanostripes are usually too thin or too small, leading to the very low Curie temperature, which cannot fit the room temperature applications. 18 BLAG is a feasible method for fabrication of nanoparticles with larger diameter and desired aspect ratios. The problem of low Curie temperature could be overcome in this way. Thus, the idea proposed in this paper is performing BLAG on stepped surface. The formation of 1D nanoparticle chains are expected. The second idea is "two-step growth," combining lowtemperature growth and postannealing. In contrast to the conventional nucleation at ascending edges, Fe/Cu͑111͒ vicinal surface was shown to be a very special case, revealing self-assembled nanostripes at descending edges. 6, 19 The unique nucleation mechanism attracted much attention. The subsequent theoretical simulations and experiment were launched for the detailed understanding. 20, 21 Our study of Fe nanostripes/Au͑111͒ steps also reveals the unconventional nucleation at descending edges. The possible mechanism will be discussed in the text. Besides of the conventional nanostripes or atomic chains decorated at step edges, Au͑788͒ has been shown to be a good template for self-organized Co and Fe nanodot arrays, by combing the surface steps and surface reconstruction. 22, 23 Our study revealed that the introduction of a few Xe buffer layer significantly change the morphology into a complex array of biatomic and monatomic height islands. The above proposed ideas were clearly demonstrated in this report. These methods, especially the third one, can be extended in a͒ Author to whom correspondence should be addressed. Electronic mail: cckuo@faculty.nsysu.edu.tw.
wide range of deposit and substrate materials. The grown patterns are also of full interests for further magnetic measurements and theoretical simulations.
II. EXPERIMENT
The experiments were performed in multifunctional ultrahigh vacuum ͑UHV͒ chambers with the base pressure lower than 4 ϫ 10 −11 mbar. The sample preparation and characterization were in situ carried out. After cycles of 500 eV Ar + sputtering and annealing, clean and well-ordered Au͑111͒ surface was prepared. We focused on the surface areas with high density of naturally formed atomic steps. Fe atoms evaporated by e-beam heating were deposited while the substrate temperature is at 33-200 K, depending on which growth method was adopted. The deposition rate of Fe nanostripes was 3 ϫ 10 −3 ML/ s. For Fe island array and nanoprticles, the deposition rate was ͑6-9͒ ϫ 10 −4 ML/ s. The adsorption of Xe, and subsequently deposition of Fe were performed at 90 or 33 K. Then, the sample was annealed to 300 K for the desorption of Xe and formation of Fe nanostructures. The Fe nucleation behavior was investigated by UHV-scanning tunneling microscopes ͑STM͒.
III. RESULTS AND DISCUSSION

A. BLAG: Nanoparticle chains
BLAG has been shown to be a feasible method for fabrication of 3D nanoparticle assemblies on various surfaces. [13] [14] [15] [16] [17] [18] However, the control and patterning of nucleation position is still crucial and recently attracts much attention. [13] [14] [15] [16] [17] In our experiment, the combination of BLAG on stepped surface is demonstrated to be a good method to trap the nanoparticles at the step edges and assemble them into nanoparticle chains. Figure 1͑a͒ shows the growth results of 0.6 ML Fe on Au͑111͒ herringbone surface by 8 L Xe-BLAG at 33 K with subsequent 300 K annealing. On the terrace, the nanoparticles distribute randomly and the herringbone pattern is irrelevant to the particle position. In the magnified images of Figs. 1͑b͒ and 1͑c͒, one can observe that the Fe nanoparticles nucleate at the step edges. From the line profile shown in Fig. 1͑d͒ , the nanoparticles reach multiatomic height, upto ϳ1 nm, which is much larger than the conventional single-atomic height islands by direct deposition. 24 Figure 1͑e͒ exhibits the line profiles across the steps. From the comparison between line profiles, one can clearly observe that Fe nanoparicles nucleate at the descending edges.
Concerning the Fe nanoparticle size, Fig. 2 summarized the statistics of particle height and diameter. The size distribution of nanoparticles on terrace and step edges are denoted with different notations, for comparison. It can be clearly concluded that the nanoparticles nucleated on terrace ͑diameter= 5.4Ϯ 0.4 nm, height= 1 Ϯ 0.5 nm͒ are apparently larger than those on step edges ͑diameter =4Ϯ 0.2 nm, height= 0.6Ϯ 0.4 nm͒. In detailed examination, most of the large step particles are contributed from the first descending edge. These observations are close to the intuitive expectation since the extensive terrace can aggregate more Fe atoms, forming larger nanopartices.
It was known that the particle size can be controlled through the thickness of Xe buffer layer, as well as the deposit coverage. [13] [14] [15] However, the effect of surface ͑template͒ morphology is seldom mentioned. In a simplified picture of BLAG, first, nanoparticles are gradually formed by aggregating more and more deposit atoms during the Xe desorption. That is why more deposit atoms and thicker Xe buffer layer can result in larger particle size. Second, when close to the end of Xe desorption, the residual Xe atoms on the surface might promote the surface diffusion of small nanoparticles, constructing large ones. Besides, the dewetting-driven model has been performed by Palmer et al., 25 suggesting that the microstructure of the substrate plays a role in the BLAG process. Concerning the dewetting of Xe layers and surface diffusion, it is straight forward to expect that the surface morphology will significantly change the result of BLAG.
Steps on a surface may act as nucleation sites for dewetting, leading to cluster decoration of steps. Actually, Zhang et al. 26 showed that Fe clusters were aligned into linear chains on Pt͑997͒ by BLAG. Our growth result of Fe nanoparticle chains on Au͑111͒ stepped surface clear reveals that the preferred nucleation sites are the descending edges. The statistics shown in Fig. 2 indicates the critical role played by surface morphology: terraces or steps. Not only soft landing but also Xe dewetting, surface diffusion and aggregation are important. The later mechanism, in particular, provides us the possibility to arrange the nanoparticles into regular patterns. Besides, one interesting question could be asked: does the step effect work with high coverage of Xe buffer layer? In the method of BLAG, no matter how thick the original Xe buffer layer is, the Xe coverage will gradually decrease during the processes of Xe-desorption/Fe nanoparticle landing, until no Xe on the surface. While close to the end of the Xe-desorption/Fe nanoparticle landing processes, the residual Xe buffer layer will be very thin and the attraction of surface steps might still function. Since our experimental data is limited to only low coverage of Xe, we cannot claim that the surface steps will always attract nanoparticles, even with high coverage of Xe. The validity of discussion should be limited to current low thickness of Xe buffer layer. The further experiments with high coverage of Xe buffer layer are worthy to study, in order to clarify the above discussion.
B. Two-step growth: Nanostripes
Two-step growth is performed by Fe deposition at 200 K with subsequent 300 K annealing. The combination of lowtemperature deposition and postannealing has been frequently used in preparation of quantum well thin film systems 27 because low-temperature-growth can reduce interdiffusion at the interface, and thermal annealing at suitable temperature may smoothen the surface roughness. In the studies of Rohart et al., 23 while 0.35 ML Fe was deposited onto Au͑788͒ stepped surface at 165-200 K. Regular Fe dot arrays could be observed at the deposition temperature, without annealing. For 250 K deposition, the beginning of stepflow growth started to be seen. 200 K was shown to be a crucial temperature related to the transition of growth mode and thus was chosen here to perform the two-step growth. The morphology of 0.35 ML Fe/Au͑111͒ stepped surface, grown by two-step method, is shown in Fig. 3 . Figure  3͑a͒ reveal the large scale image. The statistics of isolated island density ͑number per 100 nm step length͒ is summarized in Fig. 3͑b͒ . There are two kinds of naturally preferred step widths, 4.3Ϯ 0.2 and 8.5Ϯ 0.4 nm. On the narrow steps ͓Fig. 3͑d͔͒, only single atomic height nanostripes nucleates at the descending edges. On the wide steps ͓Fig. 3͑c͔͒, not only nanostripes, but also isolated islands on the step terrace can be observed. Steps with larger width allow the formation of 10-20 isolated islands per 100 nm step length. It might be correlated with the herringbone structure on Au͑111͒ terrace. The size of the herringbone structure unit is 7.2 ϫ 8-50 nm. 24, 28 The periodicity along ͓110͔ ranges 8-50 nm, depending on the preparation processes and defect density. The periodicity along ͓112͔ always sticks to 7.2 nm. 28 Therefore, for step width larger than 7.2 nm, it is possible to form the next herringbone kinks, which are preferred nucleation sites for single layer islands. For the narrower steps, the condition is similar to the previously reported Au͑778͒ surface, in which a periodic reconstructed structure is formed along the step edges. 23 The terraces are constituted of regular fcc and hcp areas. Actually, in more detailed examination of 3 , the nanostripes decorated on step edges seems formed by connections between nearby islands. By 200 K deposition, the Fe dots might first nucleates at the preferred periodic fcc regions, and then be connected by sequential deposition or 300 K annealing. 23 The detailed theoretical simulation and characterization are apparently beyond the scope of this paper, but can be interesting for the future study.
C. Multistep growth: Island array
Besides of the above 200 K growth, Xe buffer layer is used to modulate the nucleation and mobility of deposit. 8 L Xe adsorption and subsequent Fe deposition is performed at 90 K, on top of the predeposited 0.05 ML Fe nucleation seeds. Usually, thick Xe buffer layers adsorb at 50 K, and turn the growth mode into nanoparticle assemblies. Most of Xe desorb before 90 K. Nevertheless, in our previous studies, even the residual submonolayer Xe at 90 K can change the Fe nucleation behavior seriously. 24 For comparison, Fig. 4͑a͒ reveals the multistep growth, 3 ϫ ͑0.15 ML Fe/ 8 L Xe at 90 K + 350 K annealing͒ on 0.05 ML seeds/Au͑111͒ terrace. 24 The surface is composed of regular biatomic height Fe islands with an enlongated shape. There are small single-atomic height islands distributing between the elongated ones. This multistep growth actually brings about the complex Fe island array, which is totally different from the conventional single-atomic height island assemblies by RT-deposition. 24, 29, 30 The growth results on Au͑111͒ stepped surface are shown in Figs. 4͑b͒-4͑e͒ . From the line profiles in Fig. 4͑c͒ , the island nucleation at atomic steps can be recognized. The line profile in Fig. 4͑d͒ indicates the biatomic height islands. The magnified image, shown in Fig. 4͑e͒ , clearly exhibits the details. The biatomic height islands nucleate at the descending edges with regular periodicity. Particularly, there are small single-atomic height islands bridging the nearby biatomic height islands. With the regular steps width, one can fabricated the well-ordered network consisted of regular single and biatomic height islands.
In comparison with the conventional direct deposition, the residual Xe adsorbed at 90 K indeed affects the nucleation and surface diffusion mechanism seriously, leading to the bilayer islands. After combing the 350 K thermal annealing, multistep growth results in not only more 3D, but also regular Fe islands array.
IV. SUMMARY
Fabrication of regular Fe nanoparticle chains, nanostripes, and island arrays was demonstrated on Au͑111͒ stepped surface, by various growth methods. These nucleation behaviors are distinct from conventional results of direct deposition. The nucleation mechanisms of regular biatomic height island arrays and BLAG on steps are worth further theoretical simulation. These demonstrated growth results will be valuable in the future studies and applications in magnetism. The complex interrelation between 1D geometry, structural transition, and magnetic behaviors will be very interesting to explore. 
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